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CHAPTER 1. INTRODUCTION 
 
1.1 An Overview of discovery and development of Carbon Fibers 
 
The discovery and development of many high performance materials has usually been 
complemented by the investigation and fabrication of newer materials with superior properties. 
In the words of the editors of an article in Materials for Design Engineering, “Today’s 
composites will be inefficient by tomorrow’s standards. Whether theoretical understanding, the 
development of valid design techniques and the generation of useful data will keep pace with 
material developments and application requirements remains to be seen. It is this very number 
and complexity of composites…[that holds] their greatest promise”..[2]  
According to Lovelace[3], “modern composites as they are known today owe their 
genesis to glass fiber-polyester composites developed over the 1940’s”.Figure 1.1 provides a 
graphic comparison of the strength of glass fibers, aramid fibers, and carbon fibers. (Sandia 
National Labs, data from Composites World)  
Delmonte’s introductory chapter offers a very comprehensive review in his book on 
Technology of Carbon and Graphite fiber Composites. Summarized in Table 1.1 below are some 
of the notable discoveries (patents) in the development of carbon fibers from the early 1950’s 
through 1970’s. As many as 85 Patents were awarded between 1960-1980 for developments on 
methods for fabrication, stabilization and surface treatment of carbon fibers, from PAN, rayon 
and cellulose based materials as precursors[2]. 
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Fig 1.1: Graphic comparison of the strength of glass fibers, aramid fibers, and carbon fibers 
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Table 1.1: Notable discoveries (patents) in the development of carbon fibers from the early 
1950’s through 1970’s. 
 
 
In the simplest of descriptions, carbon fiber (CF) consists of extremely long chains of 
graphene molecules arranged hexagonally (Fig 1.2). This regular arrangement of aligned 
molecules along the axis of the fiber lends the structure high modulus and strength and has been 
explored greatly. The diameter of a single CF is ~6μm, about 0.06 times that of the average 
No.  Title Author/Creator Patent Number 
1. Electric Lamp Edison T A (1880) U.S. Patent 222398 
2. Polymeric Carbon and Method of Production 
[from Poly-acetylene] 
Carpenter GB, Blanchard E.R, 
Busselli A, (Air Reduction Co.) 
(1956) 
U.S. Patent 2765354 
3. Thermal modifications of Acrylonitrile Yarns Barnett I; (Johns-Manville Corp.) 
(1958) 
U.S. Patent 2913802 
4. Filamentary Graphite and Method for 
Producing the Same 
Bacon; (Union Carbide Corp.) 
(1960) 
U.S. Patent 2957756 
5. Method for Carbonizing Fibers [from viscose 
rayon and rayon acetate] 
Abbott W.F.  (Carbon Wool Corp.) 
(1962) 
U.S. Patent 3053775 
6. Preparation of Flexible Carbon Fiber Tsunoda Y (Japan) (1966) U.S. Patent 3285696 
7. Method of Carbonizing Polyacrylonitrile, 
Impregnated Cellulose, Cyanoethylated 
Cellulose and Acrylonitrile Graft 
Copolymerized Cellulose Textiles 
Machell G, (Deering Milliken 
Research Corp.) (1968) 
U.S. Patent 3395970                                                                                                                                                                                                                                                                                                                                                                                                                                                         
8. Production of Carbon Fibers and 
Compositions Containing Said Fibers 
Johnson w, Philips, and Watt 
W.(1968) 
U.S. Patent 3412062 
9. Producing method of Carbon or 
Carbonaceous Material [from polyvinyl 
alcohol] 
Shindo a; Fujii R and Souma I 
(Agency of Industrial Science and 
Technology, Japan) (1969) 
U.S. Patent 3427120 
10. Direct Production of Graphite Fibers Staetz D.E, (Celanese Corp.) (1969) U.S. Patent 3449077 
11. Method for Producing Carbonized Lignin 
Fiber 
Otani s, Kiryo-Shi, Fuknoka.Y, 
Sasaki.K (1969) 
U.S. Patent 3461082 
12. Carbon Filaments from Low Priced Pitches Otani S (Kureha, Tokyo) (1971) U.S. Patent 3629379 
13. Method of Stabilizing  Acrylic Polymer Prior 
to Graphitization 
 Ezekiel H.M; (USA) (1972) U.S. Patent 3671192 
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diameter of human hair (Fig 1.2).Commercial CF’s consist of ~90-92% carbon, while those 
containing about 99% carbon are also termed as graphite fiber.  
 
 
 
 
 
 
 
 
 
 
 
Fig 1.2: Imag\es of surface and microstructural morphology of Carbon Fiber 
 
A brief summary of the characteristics of CF’s that make it a valuable component in 
many sophisticated applications is listed in Table 1.2 [4]. 
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Table 1.2: A broad summary of the summary of the characteristics of Carbon Fibers 
 
Based on their mechanical properties, CF’s can be classified as high strength (HS-4Gpa), 
high modulus (HM-100-300GPa) or Ultra High Modulus (UHM-500GPa) and based on the type 
of heat treatment process used to manufacture them into Type I (2000
o
C), II (1500
o
C), or III 
(1000
oC). CF’s are manufactured in different forms, most commonly as fiber tows, each made up 
of thousands of single CF filaments. Historically, CF’s found applications in the construction of 
space exploration vehicles and commercial aircrafts almost exclusively. Their use in broader and 
more civilian applications started gaining momentum around the 2000’s, following a decline in 
the price of CF tows. The subsequent successes in recent investigations of low cost and high 
yield CF precursors promise to keep the demand for high performance materials growing. A 
review of the fabrication and properties of CF’s estimates the global demand to grow at the rate 
 Characteristic Value/ Range  for CF 
Tensile modulus 200-900GPa 
Tensile strength 2-7GPa 
Compressive strength ~3GPa 
Coefficient of thermal expansion Low 
Density Low (1.75-2.18 g/cm3) 
Temperature Resistance High 
Thermal Conductivity High 
Electrical Conductivity High 
Chemical Resistance Good 
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of about 12% per annum turning the present CF manufacturing business into a $1.6 billion 
industry by 2017[5]. 
1.2 Conventional Carbon Fiber Precursors 
 
Commercial manufacture of CFs is usually based on either one of the raw materials 
discussed below. Different precursors require varying conditions and processing equipment for 
making CFs with different properties. 
1.2.1 Rayon  
Rayon is made from cellulose, consisting of D-glucose monomer units joined by 1-4 
glycosidic bonds, which form an ether linkage by dehydration. A number of processing methods 
and patents for the fabrication of viscose-rayon based CFs have been reported between early 
1890’s through late 1920’s [6]. 
The development of CF from rayon in the early 1960’s  by Union Carbide (US patent 
3107152) gave way to the launch as Thornel® (tows of 23,40,or 50 fibers) and was swiftly 
followed by Shindo (Japan) and Watt’s(UK) methods of producing carbon fiber from 
polyacrylonitrile (PAN). The PAN-based CF production method gained immediate attention 
from various manufacturers owing to the yield of CF being almost double than that of rayon-
based CF’s. 
1.2.2 Pitch 
Another conventional precursor for CF’s is mesophase pitch, a petroleum-based fraction 
also isolated from coal-tar. Cytec’s Thornel ®K-1100 Mesophase pitch-based CF’s exhibit high 
tensile modulus (~960 GPa), high electrical conductivity (106 S/m), and excellent thermal 
conductivity (~103W/mK
2
) which are higher compared to PAN-based CF’s. This precursor has 
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many advantages in that it can be melt-spun to form CF, and shows extremely high yields of 
~85%. The disadvantage is the excessive investment in raw material purification[5]. 
1.2.3 Polyacrylonitrile (PAN) as a CF precursor 
 
  PAN is a homo-polymer from acrylonitrile and a known carcinogen, which is chemically 
represented as shown in Fig 1.3 below. 
 
 
 
 
 
 
 
 
 
Fig 1.3: Chemical structure of PAN [7] 
 
The presence of highly polar nitrile groups enables the polymer to solubilize easily in 
highly polar solvents, increases the melting point and enhances its potential as a CF precursor. 
The formation of CF requires the alignment of molecules in a particular direction, and this is 
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hindered by the interactions between the polar CN groups on the polymeric backbone. To 
minimize these effects, ~2-5% of a co-monomer is added to the polymerization mixture for 
synthesis of PAN. The co-monomers such as methyl acrylate, acrylic or itaconic acid not only 
disrupt the molecular interactions, they also serve to improve the quality of the fiber as it is 
subjected to post spinning treatment. The PAN precursor is prepared in aqueous sodium 
thiocyanate solution, filtered and spun into fine fibers by drawing the polymer through a 
coagulant bath such as dimethyl sulfoxide (DMSO) or dimethylformamide (DMF). The solvent 
in contact with the polymer reduces the dipolar interaction between nitrile groups and allows for 
better chain orientation.[8-10]. The diameter of the raw fibers obtained by wet spinning is 
usually between 10-15µm. 
According to O.P. Bahl et al  [10], the  predominance of PAN is attributed to the following 
factors.  
 It decomposes before it melts. 
 It yields ~ 50-60% Carbon yield when pyrolyzed at high temperatures (1000oC and 
above). 
 A high degree of preferred orientation and stretching as high as 800% is achievable. 
 A faster rate of pyrolysis without much change to the backbone and orientation of the 
molecular chains is possible. 
Other methods of precursor fiber preparation are gel-spinning [11, 12], and electro spinning 
[13]. These processes may provide enhancement of mechanical properties owing to spinning 
conditions but may also entail risk of voids or hollow fiber formation. 
9 
 
 
Wet-spun raw PAN fibers are further subjected to thermal oxidation. This process, also known as 
stabilization, is carried out at 300-400
o
C and results in the cross-linking of polymer chains to 
yield cyclic ladder polymers. The stabilization stage is crucial to the formation of the ordered 
graphitic layered structure in the CF, and hence has been extensively studied. 
  
Thermal Oxidation/Stabilization of PAN 
 
Stabilization of PAN precursor fibers, which is a slow oxidation process, is highly critical 
to ensure formation of high-strength CF’s after the carbonizing step. The key to enhancing the 
high-performance ability of CF’s is thermal oxidation because it involves the transition of the 
long polymeric chain structure into a cyclic ‘skeleton’. This is simultaneously accompanied by 
various chemical reactions such as oxidation, dehydrogenation and cross-linking. Various factors 
such as the heating rate, type and quantity of co-monomer added, application of tension, and 
medium of stabilizing are considered critical influences affecting the final structure and 
mechanical properties of CF’s. Investigative studies have proven that stabilization of PAN is a 
first order cyclization reaction and faster in oxygen-rich atmospheres giving rise to better yield of 
high-strength CF’s[14]. In case of PAN fibers stabilized in an inert atmosphere, aromatization 
does not take place spontaneously at low temperatures. It has to be induced at higher 
temperatures, and manifests its effects on the main carbon chain resulting in poor yield and 
mechanical properties. The stabilization process is represented in the schematic flow chart in fig 
1.4. 
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Fig 1.4: Schematic of the oxidative stabilization process with increasing high temperature 
treatment in copolymer PAN fibers held at constant length [15]. 
 
Two Phase Amorphous (A) and Crystalline (C) morphology 
A: Intermolecular cyclization reactions initiate at 175
o
C 
C: largely intact till ~215 
o
C 
A: Most  of it has reacted by 230
o
C 
C: largely intact till ~215 
o
C 
some loss in orientation between 200-230 
o
C acts as cross-
links holding the structure together 
Intramolecular cyclization reactions initiate ~ 215 
o
C 
A: Reactions Complete 
C: Breakdown  of physically held structure  above ≈ 267 
o
C 
considerable randomization  
Reaction nearing completion ≈290 
o
C 
A: Intermolecular cross-linking reactions initiate at ≈300
o
C 
C: Complete disappearance of crystals by 314 
o
C 
Intermolecular cross-linking reactions initiate at ≈300
o
C 
Completion of all Oxidative Stabilization Reactions by 380
o
C 
Oxidative Degradation reactions set in above 380
o
C 
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Thermal treatment is usually carried out between 200-300
o
C at  heating rates between 1-
3
o
C/min. Fitzer and Muller point out in their thermal studies on PAN[14], that stabilizing the 
fibers at 300-400
o
C  at extremely fast rates of 200-300
o
C /min  can lead to  highly ordered and 
compact structural arrangement which improves the mechanical properties of the final products 
further. Thermal oxidation is usually an exothermic phenomenon, and can be monitored by DTA 
and DSC. Owing to multiple chemical processes occurring simultaneously, exothermic signals 
observed are broad and correspond to large amounts of heat released, which can be seen as high 
intensity peaks. Horrocks and Eicchorn cite an example in their chapter on “Thermally Resistant 
Fibers” conclusively supporting the fact that addition of co-monomers such as itaconic acid 
during synthesis of PAN causes stabilization to occur at lower temperatures, along with a 
noticeably smaller exotherm [6, 16] as seen in Fig 1.5. 
 
 
 
 
 
 
 
 
Fig 1.5: Effect of addition of co-monomer on DSC peak 
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This process is also accompanied by physical changes such as shrinkage, and 
coloration[5, 17]. Perepelkin outlines a number of applications for thermally treated PAN fibers 
from  high-temperature thermal insulation to reinforcement material in blends and composites as 
well as its use as a replacement for asbestos in an effort to minimize the hazardous effects of 
asbestos dust in his review on “OxyPan” fibers[18]. Extensive studies of the changes occurring 
during oxidative stabilization have been reported using various methods such as DTA[14], 
DSC[19], FT-IR[20], and WAXD[21]. Some of the reactions occurring are shown in Fig 1.6. 
 
 
 
 
 
 
 
 
 
Fig 1.6: Reactions occurring during stabilization[7] 
 
Research advances directed towards improving processing methods, conditions and 
yields indicate that acrylonitrile can be co-polymerized with a number of other  materials such as 
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1-vinylimidazole[22] results in melt-processable PAN precursors. A study of polyacrylonitrile 
terpolymers with methyl acrylate, acrylic acid and vinyl acetate by Ogale et al  provides an 
insight into UV-assisted stabilization routes for the novel  melt-spun PAN precursor[23]. 
 
Carbonization  of PAN 
 
 
 
 
 
 
 
 
 
 
Fig 1.7(a): Reactions occurring during carbonization 
The stabilized PAN fibers are further subjected to heat treatment under inert atmosphere 
at temperatures as high as 1200
o
C or 1500
o
C.During the early stages of carbonization (400-
500
o
C) the hydroxyl groups present on the chain undergo cross-linking, and condensation which 
reorganizes the cyclic structure to form the ladder polymer. This is followed by dehydrogenation 
14 
 
 
(400-600
o
C) and de-nitrogenation (600-1200
o
C) to form the carbonized graphite-like structure 
and is accompanied by shrinkage of up to 20%. 
Treatment of the carbonized fiber at extremely high temperatures( 2200-2500
o
C) is 
termed as graphitization, and does not cause any appreciable change in the weight or dimensions 
of the fiber. The effect is more towards improving the arrangement and orientation of the 
crystalline molecular structure along the fiber axis [9, 10, 24]. 
The process of manufacture of CF’s from PAN is well-summarized in the flow-diagram 
shown in Fig 1.7(b).[10] 
Fig 1.7(b): CF processing at a glance 
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1.3 Bio-based and Synthetic Materials as CF precursors 
 
Fitzer comments in his introductory chapter on Carbon Fibers and their composites [25], 
“Carbon fibers are the backbone of new revolutionary advanced composites, in high performance 
quality.—But we expect a break-through, If they are available at low prices, they could be 
applied also in conventional low price thermoplastic polymers for broader applications- even if 
they have outstanding properties.” This statement sums up the motivation for the intensive 
efforts towards the discovery, development and fabrication of newer low-cost precursors for 
fabrication of high strength CF’s. 
1.3.1 Synthetic Sources 
Polyvinyl acetylene and its derivatives have been studied as possible CF precursors. 
ORNL has researched and patented the use of polyethylene (PE) as a synthetic CF precursor. The 
oxidized PE fibers were treated with sulfuric acid, and subjected to heat treatment at 1200
o
C. 
The CF’s were obtained with 75% yield, Modulus of 139GPa, and a tensile strength of 2.5 GPa. 
Polybenzoxazole fibers were also investigated and found to form CF’s with moderate mechanical 
properties such as a modulus of 245GPa, and tensile strength of 1GPa[26]. 
1.3.2 Cellulose  
Cellulose is the most abundant polymer, forming almost 45% of wood components. It has 
a very well-ordered crystalline structure, and thermally decomposes without melting. 
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Table 1.3: Practical applications of cellulose-based graft copolymers 
The main types of Cellulose Graft Polymers which have found practical application, and 
their uses.  
Polymer used for grafting 
cellulose 
Properties of the cellulose 
graft copolymer 
Field of application 
(1)Polyacrylonitrile Wool-like appearance, 
improved resistance to 
micro-organisms, light and 
wear 
Rugs( modified  hydrated cellulose 
fibers) 
Knitted goods, rain coats, tents 
(2)Poly(methyl vinyl pyridine) 
 
(a) phosphate salt 
Non-flammable Decorating and facing materials, 
theatrical decorations. 
(b) Quaternary salt (e.g., with 
dimethyl sulfate) 
strong anion exchanger and 
complex compound former 
Adsorption of ions, complex 
formers, dyeing of food, etc. 
(c) Bases Weak anion exchanger 
(3) Poly (acrylic acid) 
Poly (metacryclic acid) 
 
(a) in free state  
 
Weak  cation exchanger 
Adsorption of metal ions, protein 
form food products etc. 
(b) In the form of Calcium salts Causes coagulation of 
proteins and blood clotting; 
bactericidal property 
Blood Clotting cloth ( hemostatic) 
Bed and linen underwear in clinics, 
lab coats for doctors, work clothes 
in antibiotics factories and other 
special plants 
(c) in the form of silver and 
copper salts 
(4)Phosphorus containing vinyl 
polymers 
Non-flammable chelating 
agent 
Decorating and facing materials, 
theatrical decorations,  
Adsorption of ions, complex 
formers, dyeing of food, etc. 
Work clothes for workers of 
different trades, tarpaulins, rain 
coats 
(5) Fluorine containing 
polymers 
Waterproof and oil 
resistant properties 
(6) Polyisoprene and other 
polyolefins 
Hydrophobic ( waterproof) 
and acid proof 
Industrial Goods 
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Rayon, viscose rayon are generated from cellulose, hence it has a wide usage in the 
textile industry. Cellulose based CF’s show high thermal conductivity, purity, and good 
mechanical properties in addition to being cheaply and easily available. CF’s with a degree of 
polymerization > 450 have been proven to show approximately 30% increase in tensile strength. 
Hebeish and Guthrie provide a brief summary of cellulose graft polymers which find uses in a 
variety of fields and have been listed in Table 1.3. 
Unlike PAN, cellulose undergoes stabilization by depolymerizing and loss of water. This 
process can be monitored to give more efficient CF’s by maintaining very slow heating rates 
during stabilization, and also by addition of inorganic or organic impregnating substances. 
Carbonizing and graphitizing of cellulose-based CF’s occurs by re-polymerizing of the 
decomposed cellulose but the exact mechanism is yet to be hypothesized. 
1.3.3 Lignin   
  Lignin is also one of the one of the most abundant, naturally-occurring polymers, second 
to cellulose. It has a complex architecture made of smaller phenolic units that have been isolated, 
and widely explored using many different techniques. Lignin is found in the secondary layer of 
the plant cell wall, and amounts to almost 25% of the dry weight of wood components. Its major 
role is to provide girth or rigidity to the cell wall, especially during the process of germination. It 
also helps in regulating water flow through the cell wall, by working in conjunction with 
cellulose and hemicellulose (Fig 1.8). The cross-linking of lignin with cell wall components 
lends mechanical strength to the structure of the plant. 
Lignin is a major by-product in the paper pulping industry, owing to its insolubility in 
water. It separates as a solid waste, of which 98% is used as fuel. However energy conversion 
efficiency in this case is pretty low. Fiax[27] has classified lignins from different botanical 
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origins using FT-IR spectroscopy indicating that the type and percentage of characteristic  
functional groups or building units can be used, while Glasser and Lora [28] provide a review of 
classifying lignins based on the generative industrial process. Meister provides an in-depth 
review of the possible sites , and reactions that can be performed on lignins to obtain chemically 
modified derivative [29]. 
 
 
 
 
 
Fig 1.8: Schematic of naturally occurring Lignin. 
 
There are various ways of processing wood pulp and generating lignin. This, at times, is a useful 
way of identifying lignin by the process through which it was generated. 
Kraft Lignin 
Wood when treated with Na2S/NaOH, at 155
o
C for long durations gives black liquor 
(Lignin) and solid (cellulose, hemi-cellulose). The black fraction is then de-lignified, by 
precipitating and washing lignin with acidic solutions. A significant amount of commercially 
available Kraft lignin is the sulfomethylated, water soluble form.  
Sulphite Lignin or Lignosulfonates 
Lignin extracted from wood by the sulphite pulping process is termed sulphite lignin. The 
process is less drastic, and produces water soluble as well as chemically modified lignin as the 
major product. These type of lignins and their derivatives find application as binders, resins, 
dispersants, and emulsifiers[30]. 
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 Organosolv Lignin 
The lignin-cellulose networks are broken by using organic or aqueous solvents. This 
leads to production of lignin known as Organosolv Lignin. The lignin and hemicellulose 
fractions are dissolved in the solvent used, and cellulose is left as a solid residue. The lignin 
obtained from this process has promising value as chemical feedstock for production of sugar 
and fuel.  
Steam exploded lignin 
This process has been described as a very cost-effective process for pre-treating 
hardwood and agricultural waste products. The decomposition of wood is carried out by passing 
high pressure steam through it. The steam then initiates auto hydrolysis causing the 
lignocellulosic bonds to rupture (hence steam explosion). The main advantages are its energy 
efficiency compared to other methods; the products obtained can be further enzymatically 
hydrolyzed, at almost no additional recycling or environmental expenses [31]. 
Soda Lignin  
Soda Pulping is a method used for processing non-wood based resources such as bagasse, 
chaff, and flax. It consists of using caustic soda as a reagent to break the lignin-cellulose bonds. 
This method produces relatively sulfur free lignin, and since the non-wood sources possess very 
low lignin content, it is a relatively simple process. 
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Fig 1.9(a): Probable chemical structure of lignin[32] 
 
The chemical structure of lignin is quite complex and made of many repeating phenyl 
propane units. It also consists of almost 50-60% ether linkages. The presence of aromatic and 
aliphatic hydroxyl groups make it convenient for chemical modifications, and grafting sites. A 
probable chemical structure for the lignin molecule is shown in Fig 1.9 (a) and chemical 
structures of common monolignols have been represented in the figure below (Fig 1.9 (b)).   
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Fig 1.9 (b): Chemical structure of phenyl propane units 
 
1.4 Lignin used in conjunction with other polymers 
1.4.1 Overview of Recent Applications of Lignin 
Lignin and numerous chemically modified derivatives have been investigated for many 
applications apart from the paper pulping and textile industry. Dolenko and co-workers [33] 
methylolated lignin and studied its use as a binder resin in phenol-formaldehyde based wafer 
boards and plywood with appreciable results. Kubo et al studied the hydrocracking of lignins and 
thermo mechanical properties of various isolated lignins [34, 35]. Kubo and Kadla’s work on 
studying lignin blends with many synthetic polymers such as polyethylene oxide (PEO) [36, 37], 
polyvinyl alcohol (PVA) [38], polypropylene [39] for thermal behavior, intermolecular 
interactions, and surface porosity have led to many interesting results in lignin polymer 
chemistry. Sudo and Shimizu produced a lignin-pitch based CF and report its mechanical and 
thermal properties. Lignocellulosic sources have also been subjected to oxygen plasma treatment 
for use as an activated binder. Lignin has been simplified to its basic building units, now termed 
as Lignin Model Compounds (LMC’s) such as Guaiacyl alcohol, Syringyl alcohol, and Eugenol. 
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Methacrylated versions of these monolignols have been used to prepare blends and graft co-
polymers to study their use in widely used products like liquid molding resins and bio-based 
thermoset composites [40, 41]. Kadla and co-workers’ research on carbon fibers from lignin , 
and derivatives of lignin, as well as the various factors affecting the structure and yield of CF’s 
produced help in understanding the achievements and challenges of using Lignin as potential 
high performance material precursor [36, 42-48]. Recent works have led to newer breakthroughs 
in preparation of nanofibrillar structures from lignin and LMC’s [49], as well as a potential 
thermo--responsive biomaterial using Atom Transfer Radical polymerization(ATRP) [50]. 
1.4.2 Lignin used with PAN as a CF precursor 
Meister’s work of graft co-polymers of lignin with 1-phenylethylene set the ground for 
using a redox system to create potential active sites on the lignin molecule to achieve grafting. 
[51, 52]. His extensive study of lignin modification is also of great value in this context [29, 53]. 
Sazanov et al made powder mixtures of PAN and lignin, to create composite films  and 
examined these as possible CF precursors [54]. On a similar note, PH Kang and co-workers 
prepared homogenous PAN-lignin solutions and electrospun them into nanofiber mats. These 
mats were further cross-linked by using an incident electron beam and tested for thermal stability 
and morphological features[55]. Ozgur reports a study of PAN-lignin blends as partially bio 
based CF precursors using DMA to test mechanical properties, and SEM to observe the fine 
grain structure [56]. Maradur et al [57] prepared co-polymers of PAN and lignin using a redox 
couple to graft the PAN onto the lignin. The copolymer was spun into fibers, stabilized and 
carbonized. Results reported are promising and call for further investigative studies into 
incorporation of bio-based material in CF precursors as a step towards lowering material and 
processing costs, as well using ecologically feasible options.  
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ABSTRACT 
The growing demand for low cost carbon fibers for mainstream composite applications 
has driven recent interests in using lignin as alternative choice of material for carbon fiber 
precursor. Lignin, a highly aromatic, plant-derived amorphous polymer has been considered as 
potential carbon fiber precursor but often encounters issues in spinning fine fibers for 
carbonization. Copolymers of polyacrylonitrile/lignin have been identified as an alternative 
precursor for spinning raw fibres using conventional solution spinning technique. This work is 
focused on studying the influence of esterification of lignin prior to copolymerization on the 
properties of lignin/ polyacrylonitrile copolymers. Lignin/polyacrylonitrile copolymers were 
successfully synthesized and verified using FT-IR and NMR characterization techniques. The 
thermal properties of the copolymers were studied by DSC and TGA analysis.  
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2.1 Introduction 
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With the increasing demand for strong and lightweight structural materials, polymer 
matrix composites reinforced with carbon fibers are becoming more prevalent to meet the service 
requirements. The growth of the carbon fiber market in the fields of sport, aerospace, 
construction and military has been exponential. Advancements in the fabrication of high 
performance materials requiring high strength-to-weight ratio have resulted in increasing 
demands for high modulus, high tension, ultra-high modulus varieties of carbon fibers [26]. 
Recent predictions from the carbon fiber market estimate the growth of carbon fiber 
manufacturing efficiency to jump from 60% in 2014 to 72% in 2020 [58]. However, the  
extensive investments in manufacture of carbon fibers involving expensive precursors such 
PAN($17/kg [59], as well as high cost of method limit their use to high-volume mainstream 
applications like automobile composites and wind turbine rotor blades. Other sources of carbon 
fiber include Pitch, a petroleum based product that is used mainly in the production of melt-spun 
carbon fibers [60] rayon and cellulose. As both PAN and Pitch are extracted from depleting 
resources such as fossil fuels, the rising concerns about the future availability of these precursors 
lead to initiatives to look for ‘greener” resources as alternative precursors.  
Lignin is a natural polymer generated as a by-product during papermaking and biomass 
fractionation. It is vastly under-utilized in comparison to the large number of possible 
applications [28]. Lignin is found in the cell walls of plants, and comprises almost 25% of the 
cell wall material, lending its large polymeric structure to increase the rigidity of the plant cells. 
Lignin can be classified based on the source, (Softwood, Hardwood, and Oakwood) or extraction 
method (Kraft, Sulfite, and Organosolv). Lignin components feature as the binding resin in a 
number of wood-based composites [61-64]. Though lignin is not an efficient melt-processable 
material, suitable modifications and addition of plasticizers/additives can aid in improving these 
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properties. The use of (poly) ethylene oxide/Alcell lignin blends is an excellent example of 
advancements made in lignin processing [37]. The modification of lignin with a variety of 
organic moieties such as sulfonation, methylolation, phenolation, esterification, oxidation, 
amination, graft copolymerization, demethylation have been explored and reviewed [29]. Lignin 
has generated considerable interest in the recent years as a potential material for use in CF 
production. The exploration of lignin and its chemically modified analogs as precursors for 
carbon fiber applications has gained momentum in the recent years. Research advancements 
have successfully demonstrated the use of lignin as a potential bio-renewable precursor for 
producing carbon fiber [42, 65]. 
 Many studies of utilizing PAN along with other components as potential CF precursors 
as well as composite materials have been carried out in the recent years [21, 22, 66-68]. The 
methods used include studies on powder mixtures of PAN and lignin [54, 69], physical blends of 
PAN with other materials in solution [56], selective polymerization of poly vinyl acetylene 
(PVA)  [70] , electrospinning PAN-lignin blends followed by cross linking them using electron 
beam irradiation. Extensive investigations have also been carried on graft copolymerization of 
lignin [57] and cellulose derivatives with PAN [26, 30, 51, 52, 57, 71] to produce bio-based CF 
precursors targeted at lowering the cost of manufacture. Consequently,these efforts are directed 
to also match the growing demand for CF’s. There can be many comparative points as to the 
advantages and disadvantages of the process used for precursor synthesis. Logically this would 
be directed by the end application of the final CF produced. However, in the context of the 
procedure used in this paper, the merit of a copolymerized product over a physical blend can 
possibly be associated with a particular distribution of phases in the former providing an element 
of advantage over physically blended materials [72].  
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We report here the fabrication of a novel carbon fiber precursor from copolymers of 
butyrated lignin with PAN. The formation of copolymer products have been verified using NMR 
and FT-IR spectroscopy. Characterization of the bulk copolymer material using DSC and TGA 
are also reported. The successful synthesis of PAN-lignin copolymers provides a step towards 
incorporation of bio-based renewable material as a factor in lowering precursor and processing 
costs in CF manufacturing. It is also a novel approach to the utilization of an abundant and cheap 
resource for fabricating high performance material by economical means. 
2.2 Experimental 
 
2.2.1 Materials 
Softwood Kraft Lignin (Indulin-AT) received from MeadWestvaco, Richmond, VA was 
washed multiple times with acidified water (pH=4) to ensure removal of inorganic compounds 
and minerals. The washed lignin was vacuum dried for several hours before obtaining it in finely 
powdered form. Organosolv Lignin received from ADM (IL, USA) was used without any further 
purification. Butyric Anhydride (Sigma Aldrich) and N-1-methyl imidazole (1-MIM) were used 
as received in the butyration reaction used for modifying lignin. Acrylonitrile (AN) was used as 
received from Aldrich. 2, 2’-azobisisobutyronitrile (AIBN) (Aldrich) was used an initiator for 
polymerization of AN without any pre-treatment. Reagents and solvents for synthesis and 
purification of copolymers were purchased from Fisher Chemicals and were used as received. 
 
 2.2.2 Chemical Modification of lignin 
In a clean, dry three-necked round bottom flask, Kraft softwood lignin (SWL) and butyric 
anhydride were added in a weight ratio of 1:2. Catalyst for the esterification reaction, 1-MIM, 
was added, 1g of 1-MIM for every 40 g lignin. The reaction mixture was vigorously stirred at 
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60
o
C for several hours to ensure complete conversion of hydroxyl groups into butyrate group 
(Fig 2.1). Ethyl ether was then added in a 1:1 volume ratio and the whole mixture was washed 
with deionized water to completely remove traces of the 1-MIM catalyst. Cyclohexane was then 
added into ether phase to separate modified lignin. Finally, butyrated softwood lignin (B-SWL) 
was filtered and dried in vacuum oven for 24 h and ~90 % of yield was recorder after weighing 
the dried product. 
A similar procedure was followed for esterification of Organosolv Lignin (OSL). Completion of 
butyration reaction was confirmed by Fourier transform infrared spectroscopy (FTIR) on a 
Bruker IFS-66V FT-IR spectrometer. Thin KBr pellets of lignin samples were used for FTIR 
analysis. The modification was also followed nuclear magnetic resonance (
1
H NMR) 
spectroscopy on a Varian VXR-300 NMR spectrometer. Samples were prepared by dissolving 
lignin and copolymer samples in DMSO-d6. 
 
 
 
 
 
Fig 2.1: Chemical modification of Lignin by Butyration  
2.2.3 Synthesis of PAN/Lignin copolymer 
The copolymerization was carried out using a process described by Maradur et al [57]. 
The steps involved in copolymerization reaction are shown in Fig 2.2 (a-c). Acrylonitrile (24g) 
was mixed with DMSO (40g) solvent in a clean and dry two-necked flask and oligomerized in 
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(a) 
the presence of catalytic amount of AIBN initiator under gentle stirring conditions in an inert 
atmosphere for 3 hours. The oligomer of acrylonitrile was observed to be highly viscous and 
deep yellow in color at the end of this step. Lignin (6g) was dissolved in DMSO solvent (40g) 
and activated using a redox couple (H2O2/Chloride anion). This activation serves to produce a 
free radical site on the lignin molecule which is then accessible to the “living” AN oligomer for 
formation of a covalent bond. Copolymerization was carried out by mixing the activated lignin 
and the oligomerized AN in another clean, dry 3-necked flask at 70
o
C under nitrogen 
atmosphere. The reaction between activated lignin and active ‘living’ homopolymer was allowed 
to proceed for ~8 hours at 70
o
C. The reaction mixture was then added to acidified water (pH = 
2), and the precipitate was washed with deionized water till neutral. The product recovered by 
filtration was then dried at 70
o
C in a vacuum oven. The reaction yield was ~70% for all variants 
of lignin used.  (See Table 2.1) 
 
Fig 2.2(a):  Free radical polymerization of acrylonitrile to Acrylonitrile Oligomer 
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Fig.2.2(b): Resonating structures for ‘active’ sites in the lignin molecule [73] 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.2(c): Copolymerization of AN and Lignin to form PAN-Lignin copolymer 
 
(c) 
(b) 
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Table 2.1: Yields of PAN-Lignin Copolymers synthesized 
 
 
2.2.4 Characterization 
  Copolymers of lignin and AN oligomer were characterized using FT-IR and 
1
H NMR to 
confirm the formation of covalent bond between lignin and PAN. FT-IR measurements were 
carried out using Bruker IFS66V FT-IR spectrometer. Samples for FT-IR measurements were 
prepared in the form of KBr pellets with ~5mg of sample in100mg KBr. 
1
H NMR  spectra were 
recorded using a Varian spectrometer (Palo Alto, CA) at 400 MHz.  The NMR samples were 
prepared by dissolving 100mg of sample in 1ml DMSO-d6 solution.  
The influence of copolymerization on the heat of cyclization of PAN was measured by DSC test 
using DSC-Q20 from TA Instruments. DSC scans were run from room temperature to 380
o
C at a 
heating rate of 10
o
C/min under nitrogen atmosphere. The thermal stability and the percent carbon 
yield in all copolymer samples were determined by thermo-gravimetric analysis (TGA) using 
Lignin Type Ratio of PAN: Lignin (w/w) Yield (%) 
Softwood 80:20 84.12 
Butyrated Softwood 80:20 80.0 
Organosolv 80:20 88.9 
Butyrated Organosolv 80:20 66.67 
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AN-SWL 80/20 
AN-OSL 80/20 
AN-B-SWL 80/20 
AN-B-OSL 80/20 
Butyrated 
Softwood Lignin 
Softwood Lignin 
TGA-Q50 from TA Instruments. TGA results were obtained under nitrogen atmosphere in a 
temperature range from room temperature (RT) to 800°C at a heating rate of 20°C/min.  
2.3 Results & Discussion: Spectroscopic Data 
 
2.3.1 Color of synthesized products and UV-VIS data 
 Copolymers synthesized were visually distinguishable from the raw material (lignin) used 
owing to incorporation of PAN. The actual images of the copolymers are as shown in Fig 2.3. 
The influences of modification of lignin, as well as grafting of PAN were observed using 
Ultraviolet-Visible Spectra(UV-VIS). Samples were prepared by dissolving 50mg solid in 10mL 
of chloroform and sonicated for 1 hour to ensure complete dissolution. 2ml of these solutions 
were subjected to wavelength-scan in a 1 cm quartz cuvette using a UV/VIS-100 optical 
spectrometer (Newport, CA). 
  
 
 
 
 
 
 
 
 
 
Fig 2.3: Actual photographs of lignin, modified lignin and synthesized copolymers 
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Results of the UV measurements are plotted in Fig.2.4 (a-b) although the copolymers 
contain only 20% lignin, the absorbance of the materials is observed to be very strong. Lignins 
are known to absorb strongly between 270-300μm in the UV region.[74]  
 
 
 
 
 
 
 
 
 
 
Fig 2.4(a): UV absorption spectra for Softwood lignin, and copolymers with PAN 
 
 
 
 
 
 
 
 
 
 
Fig 2.4(b): UV absorption spectra for organosolv lignin and copolymers with PAN 
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2.3.2 FT-IR & NMR Evaluation of copolymers synthesized 
FT-IR investigations have been extensively studied on varieties naturally-occurring 
lignins [75]. Although there are certain fundamentally discernible variations in the FTIR spectra 
of various lignins, the most pertinent signals to our precursor synthesis have been discussed here. 
An estimated  40-60% of  the groups comprised within the lignin molecule are bonded by ether 
linkages[76]. This is indicated by strong bands occurring in between 1200-1000 cm
-1
. Also since 
92-95% of Lignin molecules are made up of guaiacyl propane units (Fig 2.5), a large no of 
aromatic rings, and phenolic groups are expected. These give rise to IR vibrational bands 
between 1500-1200 cm
-1
 and additional bands between 900-750 cm
-1
 based on substituents in the 
aromatic ring.  
 
 
 
 
 
 
 
Fig 2.5: Guaiacyl unit with ether linkages 
 
 Table 2.2 summarizes the various IR vibrations observed and the corresponding source in the 
respective material. 
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Table 2.2: IR vibrational bands assigned to the bonds in synthesized copolymers 
 
 
As seen in Fig 2.6, the presence of the –CN stretching vibration in the copolymer product 
at 2253 cm-1 and sharp peaks at 1455 cm-1 from the C-C vibrations in PAN  are indicative of 
successful copolymerization.  
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Fig 2.6: FT-IR spectra for Homoploymer PAN (top) Organosolv Lignin (center) and PAN-
organosolv lignin copolymeric product  
 
2.4 Results & Discussion:   
Thermal Characterization of copolymers synthesized  
2.4.1 DSC 
A number of extensive studies on the thermal properties of PAN have been carried out to 
explain the various phenomena, plausible mechanisms and factors that dictate the formation of 
carbon fiber during the oxidative stabilization process.[17, 18, 77] A general consensus of these 
reports can be attributed to the formation of the cyclic backbone which is accompanied by strong 
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exothermic effects. Horrocks and Eicchorn [16] also mention that the exotherm for PAN 
homopolymer occurs at a higher temperatures than for a copolymer, while Maradur et al  [57] 
conclude that the stabilization is kinetically faster for a copolymer as compared to the 
homopolymer. DSC analyses of copolymers of PAN with unmodified and butyrated lignin were 
carried out to investigate the thermal characteristics of synthesized material. The samples were 
hermetically sealed in aluminum pans, and heated at a rate of 20
o
C/min in a stream of nitrogen 
with an initial cycle to remove any existing thermal history (Fig 2.7). 
 
 
 
 
 
 
 
 
 
 
Fig 2.7: DSC curves for Polyacrylonitrile (AN oligomer) and co-polymers synthesized (inset) 
 
2.4.2 TGA 
The carbon yield and thermal behavior of copolymers were also characterized by thermo- 
gravimetric analysis. These experiments were carried out on ~6-8mg samples heated in an inert 
environment so as to inhibit any secondary reactions due to fragments such as HCN,  CO,NH3 
released in the combustion process. Fig 2.8(a) shows the TGA curves for softwood and 
organosolv lignins; unmodified and butyrated. The carbon yield for butyrated versions is lower, 
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ostensibly due to increased oxidation by the introduction of more oxygen atoms through the 
esterification process. 
 
 
 
 
 
 
 
 
 
Fig 2.8(a): TGA curves for Softwood, Organosolv lignins (unmodified and butyrated) 
 
 
 
 
 
 
 
 
 
 
Fig 2.8(b): TG curves for copolymers of Softwood, Organosolv lignins (unmodified and 
butyrated) with PAN 
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From the differential thermo-gravimetric analysis (DTG) curves in Fig 2.9(a-b), we 
observe that presence of the butyrate groups results in decompositions with loss of more mass 
but at higher temperatures. The effect of butyration is also quite evident from the DTG curves for 
Butyrated Organosolv lignin which shows two major steps in degradation. Also, the ester groups 
add to the already complex architecture of the lignin molecule, modifying it such that the there is 
a noticeably sharp drop in the mass around 300
o
C. Unmodified lignins are known to degrade 
around 200
o
C; which is enhanced by the chemical modification. 
 
 
 
Fig 2.9: DTG curves for (a) Softwood, Organosolv lignins, (unmodified and butyrated) and (b) 
for copolymers of Softwood, Organosolv lignins (unmodified and butyrated) with PAN 
 
The final yield of carbon obtained is a very important factor in CF production. Higher 
production costs usually result due to higher weight losses during processing, or overall low 
yields. Thus, the %C yield dictates the cost of the final product significantly. The reported %C 
(b) (a) 
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yield of commercial precursors and the results from TGA combustion experiments on 
synthesized copolymer precursors are as reported in Table 2.3. 
 
Table 2.3: Comparison of Carbon yield values reported for commercial precursors, and 
experimental results from synthesized PAN-lignin copolymers. 
 
 
 
 
 
 
 
\ 
\ 
 
 
 
 
 
 
 
2.4.3 DMA of melt processed samples 
In an effort to estimate the strength of the PAN-lignin copolymers and also explore new 
evidence of the impact of chemical modification, samples were examined using a Dynamic 
                          SAMPLE Amount of Carbon 
(in %) 
Commercial PAN (Homopolymer)  55 
Mesophase Pitch 86 
Rayon 60-70 
Softwood Lignin (SWL) 39.29 
Butyrated Softwood  Lignin(B-SWL) 28.69 
Organosolv Lignin (OSL) 31.56 
Butyrated Organosolv  Lignin (B-OSL) 27.46 
AN-OSL 35.21 
AN-B-OSL 41.14 
AN-SWL 46.42 
AN-B-SWL 33.59 
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Mechanical Analyzer (DMA). Copolymer material was extruded using a twin-screw extruder 
(DACA instruments) into thick strands. These were further compressed to 1-mm thick slabs for 
performing 3-point bending analysis. The DMA experiments were carried out after calibrating a 
Q800 DMA (TA instruments) and programming the test on samples from -50
o
C to 200
o
C at 1 
Hz. The results for the elastic modulus and the damping factor tanδ are plotted as a function of 
temperature in Fig 2.10 (a-b). The influence of butyration on the shift in Tg is clearly visible 
from both the graphs. We presume the increased broadening in Tg to be a result of increased 
crosslinking owing to the enhanced reactivity by the butyrate groups.  
 
 
 
 
 
 
 
 
Fig 2.10: (a) (left) Storage modulus (E’) as a function of temperature and (b) (right) tan δ or 
(E’/E”) as a function of temperature  
 
2.5 Conclusions 
 
The reactivity and miscibility of lignin was shown to have improved after esterification 
reaction. Graft copolymers of PAN with chemically modified lignin were successfully 
synthesized reproducibly with good yields. The formation of copolymer was confirmed using 
FT-IR and NMR spectroscopic techniques. DSC characterization of PAN-lignin copolymers 
(a) (b) 
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reveals that butyration has a significant impact on the thermal behavior of the material, by 
decelerating the exothermic stabilization process as observed in the DSC analysis . This effect is 
expected to have consequential results on the nature (texture), as well as the thermo-mechanical 
properties of the CF post-carbonizing. The carbon content yield of the copolymers synthesized 
based on a low-cost bio-renewable raw material (lignin) was also appreciable compared to that of 
commercially available PAN.  Further investigations include optimization of the processing of 
synthesized material into fine fibrous form; studies of the impact of using chemically modified 
bio-based material on the stabilization process prior to formation of carbon fiber, and monitoring 
of changes in the dimensions and mechanical properties pre- and post-carbonization.  
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ABSTRACT 
The application of high performance materials to everyday gadgets has been increasing 
exponentially over the last few decades. The use of carbon fiber provides a significant advantage 
in 30-40% reduction of weight during the structural design of many composite-based products/ 
appliances. The investments involved in the raw material and processing of carbon fiber however 
may not help in bridging the demand-supply gap easily. Hence, intensification of research efforts 
towards cheaper and easily available raw material for fabrication of carbon fibers is justified. 
Thorough understanding of the impact of using alternative precursors on the nature, properties 
and performance of the final product is the key to implementing such findings on a large scale. 
We present in this chapter a brief report of the simplicity of processing, morphological and 
spectroscopic characterization of carbon fibers obtained from PAN-Lignin copolymers. The 
effect of chemical modification on the morphology and stability of the end products is discussed 
based on Rheology, Raman Spectra, X-ray Diffraction data and Scanning Electron Microscopy. 
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3.1 Introduction 
 
Oxidative stabilization of precursor fibers is a key step in the fabrication of carbon fibers 
(CF). A number of reviews repeatedly state the importance of heat treatment in the formation of 
a highly oriented cyclic ladder polymer, which on further carbonizing result in high strength 
CF’s. As stated by  Johnson and co-workers [78] in the context of CF’s from PAN, “fibers that 
have not been treated this way [by oxidative transformation] fuse together on heating above 
260
oC and the ultimate pyrolyzed product is weak and brittle.” Stabilization studies have been 
carried out in oxygen–rich as well as inert atmospheres, over various temperature ranges, heating 
rates and application of stresses to the precursor fibers [8, 14, 24] to establish the best conditions 
for the process. Figure 3.1 shows a schematic of the various processes taking place while the 
polymeric chain forms a ladder polymer. 
As is observable from scheme 3.1, the polymeric chain undergoes cyclization, and loss of 
hydrogen atoms accompanied by release of large amounts of heat. Goodhew et al explain a free-
radical type mechanism for the formation of oxidized PAN fibers, which are commercially used 
CF precursors. According to their review, the primary difference under heat treatment with 
oxygen-rich conditions is the formation of aromatic heterocycles with hydroxyl substituents; as 
opposed to the same under inert atmosphere, which results in formation of hydrogenated 
heterocyclic moieties with conjugated carbon- nitrogen bonds. (Fig 3.2)  
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Fig 3.1:  Schematic of the various processes taking place while the polymeric chain forms a 
ladder polymer 
 
 
 
 
 
 
 
 
 
 
Fig 3.2: Possible  chemical structures of ladder polymers formed under different atmospheric 
conditions[79] 
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Also in inert media, a very slow heating rate is the only way to ensure formation of CF 
with good mechanical properties [80]. Grassie and McGuchan report a study of performing 
stabilization using Lewis acids/electrophilic groups as initiators. Presence of co-monomers such 
as itaconic acid, methyl acrylate or acrylic acid can also accelerate the rate of degradation in the 
PAN fibers [81]. Raskovic et al ’s work on carrying out stabilization in the SO2 atmosphere 
indicate incorporation of bridging sulfur  atoms, which produces a rigid structure and enhances  
mechanical properties [82]. Certain physical changes such as color, texture and shrinkage of 
fibers are also known to occur during the oxidative stabilization process. According to Hay, [1] 
the stabilization process can be perceived as having two different stages; (1) a low temperature 
reaction between 100-200
o
C wherein the cross-linking of cyanide  groups , and coloration owing 
to the thermal environs occur with almost no liberation of any volatile substances; and (2) a high 
temperature exothermic reaction above 240
o
C evolution of volatiles leading to formation of a 
thermally stable residue .They conclude that at least three  competing  processes occur in tandem 
during the thermal degradation/treatment of polyacrylonitrile viz. polymerization of cyanide 
groups (Fig 3.3) coloration with evolution of ammonia; and decomposition by chain scission. 
 
 
 
 
 
Fig 3.3: Low temperature processes during stabilization: polymerization of nitrile groups[1] 
 
46 
 
 
Grassie and Hay report studies of the thermal coloration of polyacrylonitrile based in previous 
observations from oxidative treatment studies on polymethacrylonitrile [17, 20]. Their 
observations on the FTIR signals obtained, such as  the decrease in  signal for C≡N at 2239cm-1 
and an increase in the C=N signal at 1670,1590 cm
-1
  are widely cited features in stabilization 
studies. More interestingly, their conclusions from monitoring of nitrile concentration (Fig 3.4) 
are consistent with mechanisms of thermal reactions.  
 
 
 
 
 
 
Fig 3.4: Change in nitrile concentration during coloration of acrylonitrile copolymer with 1.5% 
acrylic acid at 175
o
C in bulk (.)  and  in KCl disc (o)[17] 
 
Many reviews state and identify the various forms and patterns of CF fabricated over the 
years as shown in Fig 5.3(a). Naskar et al report their work on Sulfonated  Polyethylene  based 
CF’s made with a bio-component that can be etched away by heat treatment leaving desired 
morphology of CF as shown in Fig 3.5(b-c) [83].  
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Fig 3.5: (a) Schematic of various cross-sectional textures of PAN and pitch based carbon fibers 
and (b) Schematic images of Polyethylene based CFs with different morphologies. 
 
(a) 
(b) 
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Fig 3.5(c): SEM images of patterned polyethylene-based CF[83] 
Harrsion and Gupta  report an extensive study of the shrinkage developed thermal stress 
developed during high temperature treatment/oxidative stabilization of PAN-based CF’s [15]. 
Their experimental results provide valid reasons to state that shrinkage between 100-150
o
C is 
due to amorphous polymer chains forming random coils (termed as entropic recovery); while 
adsorption of oxygen and loss of hydrogen occur in the 175-260
o
C interval. Above 320
o
C, 
crosslinking due to stabilization by oxygen occurs, and oxidative degradation commences around 
370
o
C. Percentage shrinkage increases rapidly beyond this point, and finally results in breakage 
of the fiber tow, even under very small applied load. It is also interesting to note that shrinkage in 
excess oxygen is much higher than that observed in inert atmosphere or air (Fig 3.6). 
Wet spinning is the most commonly used process in the manufacture of PAN-based CF’s. 
Also, there is a pre-requisite condition for wet-spun solutions to have enough viscosity in order 
to be drawn and stretched for further processing[57]. Ram and Riggs present an extensively 
detailed procedure for wet-spinning PAN wherein specifications include a low shear spinning 
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solution comprising of 15-30 percent by weight and the use of non-aqueous coagulation bath 
such as ethylene glycol or dimethylformamide [84]. Conventionally, 10-30 percent by weight 
solutions of PAN homopolymer or copolymer are prepared by dissolving calculated amounts of 
the polymer in polar solvents such as sodium thiocyanate or dimethylacetamide and extruded 
through a multi-holed spinneret to create continuous fiber tows for further processing [85]. In the 
context of bio-based precursors, studies of cellulose and lignin-based CF’s also incorporate many 
discussions about the changes that occur in oxidative heat treatment of these fibers. The presence 
of  inter and intra molecular hydrogen bonding between the abundant hydroxyl groups allows 
formation ordered crystalline arrangement with about 44% theoretical carbon yield [59, 86]. 
Most results agree that breakage of bonds at the phenolic site occurs [29, 53, 73, 86]. 
 
 
 
 
 
 
 
 
 
Fig 3.6: Percentage free shrinkage on heating in oxygen, air and argon at 1
o
C/min 
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 3.2 Experimental 
3.2.1 Materials 
Copolymers synthesized earlier were used to prepare 16wt% solutions in DMF (Fisher 
Chemicals). Lab-scale wet-spinning equipment (Fig 3.7) was designed for the drawing of fine 
fibers onto glass mandrels.  Custom-made stretching apparatus were also designed for 
performing thermal oxidation and carbonization of raw fibers under stress as described in 
relevant sections of this chapter. 
3.2.2 Wet-spinning 
16 wt.% solutions of copolymers AN-oligomer-lignin in N,N-Dimethylformamide 
(DMF) were prepared and allowed to stir gently for 72 hours at 75
o
C. Intrinsic viscosity of 
solutions was measured before spinning on AR-2000 Rheometer (TA instruments) at 25
o
C. 
Solutions with adequate viscous nature were then passed through a 0.1mm syringe and drawn 
through an aqueous coagulation bath at 40
o
C onto a glass mandrel. Digital and SEM images of 
the raw fibers were collected. 
3.2.3 Oxidative stabilization 
  Raw fibers wound on glass mandrels were stretched between two clamps (Fig 3.8a) to 
straighten them, and subjected to oxidation at 280
o
C. The process was carried out in a Lindberg 
Box furnace under nitrogen flow. Different rates of heating were experimented with before 
arriving at an optimal 3
o
C/min value for stabilization. Fibers were examined using Scanning 
Electron Microscopy (SEM) to observe morphological changes. FT-IR studies were carried out 
for stabilizing fibers at different temperatures between 280-400
o
C to provide suitable evidence of 
changes in the polymeric backbone of the AN-oligomer. 
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Fig 3.7: Schematic of wet-winding process for PAN filaments based on process developed by 
Ram et al  [84] 
Since the lignin molecule has plenty of oxygen atoms available for the oxidative 
treatment, all stabilization processes were carried out under inert atmosphere conditions. 
 
 
 
 
 
 
 
Fig. 3.8 (a): Schematic and actual image of equipment used to stretch fibers during the oxidative 
stabilization process 
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Fig 3.8 (b): Schematic and actual image of steel clamps used for stretching fibers under 
carbonizing conditions and (c): Schematic of the set up for carbonization process 
3.2.4 Carbonization 
  Stabilized fibers were clamped between two rigid steel plates and placed in a 2.64 cm-
diameter quartz tube, encapsulated at both ends with inlet and outlet for nitrogen supply (Fig 
3.8(b)). The tube containing the steel clamps and stabilized fibers was then placed in a furnace 
and heated to 900
o
C at 5
o
C/min to carbonize the fibers under stretched conditions (Fig 3.8(c)). 
(b) 
(c) 
53 
 
 
3.2.5 Characterization 
Carbonized fibers were examined for texture, size as well as morphological changes 
during graphitized layer formation with Secondary Electron Imaging (SEM) using a JEOL SEM 
operated at an accelerating voltage of 20kV. Raman Spectra of carbonized fibers was collected 
using a Reinshaw Dispersive Raman Spectrometer using a 488nm laser at 100% power, a 
2400lines/mm grating and a 50x objective lens. Samples were placed on clean glass slides and 
scanned in triplicate for 30 second duration in three different regions.  Powder X-ray diffraction 
on short carbon fibers was also conducted using a SCINTAG XDS2000 instrument to confirm 
the formation of graphitic structure. 
3.3 Results and Discussion 
 
3.3.1 Rheology 
As a processing-level approach to elaborate the effect of esterification of lignin on the 
properties of the copolymers prepared, 16wt% and 20wt% copolymer solutions were prepared 
using DMSO and DMF. These trials were carried out trials to select the optimal spinning 
solution for precursor fiber processing wherein DMF was found to be the better solvent owing to 
its highly polar nature .The 20wt% solutions were not in agreement with expected behavior for 
the relative expectations for butyrated-lignin copolymers and unmodified versions. Hence the 
16wt% solutions in DMF were selected and used for further processes. Fig 3.9 shows the 
rheological data for 16wt% solutions of unmodified softwood and organosolv lignins compared 
to their esterified analogs. The effect of butyration of lignin is clearly discernible from the data 
presented. The intrinsic viscosity of the latter solutions is higher than the former. We attribute 
this to the highly interactive, polar nature of the substituent butyrate groups, leading to hydrogen 
bonding among other existing cohesive forces. The drawing of fibers through a fine-bore syringe 
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also aids the interaction to be limited to a small area, and perhaps thus, also makes it stronger. 
Another self-evident proof of the positive influence of chemical modification of lignin is the ease 
of drawing continuous fibers as compared to copolymers formed with chemically unmodified 
lignins. The significance of this result is the contribution of lignin modification to the fabrication 
of a more effective wet-spun precursor material and is found to be true for both softwood and 
organosolv lignins. 
 
 
 
 
 
 
 
Fig 3.9: Rheological Data (Flow Curves) for copolymers of PAN with butyrated and unbutyrated 
lignin 
Actual photographs of as-spun fibers are shown in Fig3.10 below. The fibers for 
oligomer were stretched at 750cm/min using a DSM Xplore Fiber Spin Line instrument. Fibers 
for AN-lignin copolymers were drawn at a much slower rate (400cm/min) with due 
considerations to the brittle nature of the lignin-based copolymer. Average diameter of 
monofilaments on glass mandrels was found to be around ~100μm. The color of the fibers varied 
with the type of lignin used in the copolymer synthesis. 
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Fig 3.10: Actual image of as-spun PAN-Butyrated Softwood Lignin  and homopolymer PAN 
fibers 
.  
 
 
 
 
 
Fig 3.11: Actual image of PAN-Butyrated Softwood Lignin and homopolymer PAN fibers 
before and after stabilization 
 
 
Pre- stabilization Post-stabilization 
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Stabilized fibers obtained after stretching, and thermal oxidation under inert atmosphere 
were black in color. This helps us affirm that oxidation, indeed, occurs from the oxygen atoms 
available on lignin. Apart from the color, slight shrinkage in the fiber diameter is observable in 
this case. This is expected owing to the processes of dehydrogenation and cyclization 
3.3.2 FT-IR monitoring: Thermal Oxidation  
The understanding of the stabilization of PAN-based precursor when additional 
components such as lignin can possibly help in explain two major effects from our experiments. 
(1) The effect of the type of the lignin used (2) the impact of chemical modification on the 
morphology, phase miscibility of the final product (CF). As-spun fibers were subjected to 
thermal oxidation under atmosphere at four different temperatures. FT-IR spectra were collected 
by examining the fiber samples as thin KBr pellets. The areas of the -C≡N peak at 2250 cm-1   
and –C=N peaks at 2180cm-1 as a function of temperature were monitored. A decrease in the 
area for the former and an increase in the area for the latter, in accordance with Fig 3.12 are 
expected. Data for changes in the 3200-2800 cm
-1
 –CH stretching region, as well as 3500-3300 
cm 
-1
 for –OH stretching vibrations were also collected from normalized spectra.  A strong 
increase in the intensity of the –OH region is indicative of hydrogen-bonding/cross-linking 
during the stabilization process. FT-IR spectra as a function of temperature carried out at 280, 
300, 340 and 400
o
C have been plotted in Figure 12 (a-c). 
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Fig 3.12(a): FT-IR spectra for thermal profiling of homopolymeric PAN (b) changes in the -C≡N 
stretching for PAN homopolymer  and (c) FT-IR spectra for thermal profiling of AN-B-OSL 
80/20  
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The normalized FT-IR curves were processed using OPUS software. The original 
transmittance curves were auto-converted to absorption data using the software, and areas under 
the curves were computed. A tabulation of the areas for each temperature of the thermal profiling 
gives us the following observations. An initial increase in -C≡N intensity, which is likely due to 
cross linking occurring in the initial phase of the cyclization process.  The intensity drops sharply 
around 350
o
C owing to almost complete formation of cyclic ladder forms containing -C=N 
linkages. This can be verified by the appearance of new peaks in the vicinity of 2160 cm
-1
. Prior 
art on the  of cross-linking/ hydrogen bonding due to hydroxyl groups has been discussed in the 
introduction part of this chapter  and has also been considered to substantiate the concurrence  
between present work and previous conclusions. 
3.3.3 Morphological analysis: Scanning Electron Microscopy 
Kubo et al reported that melt processing of softwood kraft lignin was difficult even after 
blending with a plasticizing agent. As-received softwood lignin is difficult to process because of 
its molecular structure.  The presence of large amounts of guaiacyl units active hydroxyl (–OH) 
functional groups results in an increase in inter- and intra-molecular crosslinking, thus affecting 
processability. Replacement of the hydroxyl groups (–OH) on lignin with ester groups (-O-) 
butyrate) reduces the  extent of crosslinking and improves processability [37] . The surface 
morphology of fibers extracted by wet spinning was initially examined by scanning electron 
microscopy (SEM) to determine the influence on phase miscibility and the structure of the fibers.  
SEM images of stabilized fibers indicate a slight roughness in the appearance of the surface of 
the fibers, although there is no drastic change in the overall morphology. Visual and 
experimental records lead to conclusions that lignin modification does have an influence on the 
the appearance and wet-spinning properties of the precursor fibers. Fig 3.13 is a grid of SEM 
images for raw, stabilized and carbonized fibers. No phase separation or surface-pitting of the 
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cross section of the carbon fibers could be observed. These are indicative of a successful grafting 
in the copolymer formation. The surface of the fibers get noticeably crimped/ roughened with  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.13: SEM images of as-spun fibers (a-c) thermally oxidized (d-f) and carbonized fibers (g-i) 
of PAN, PAN-Butyrated softwood lignin copolymer, PAN-butyrated organosolv lignin 
copolymer 
 
increasing stages in the heat treatment. Also, the cross section of the carbon fibers provides 
insight into the influence of different lignin varieties on the morphology. The unmodified analogs 
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of lignin form discontinuous fibers during wet spinning. The stabilization and carbonization 
processes cause further alterations in the surface of the fibers. 
 
Fig 3.13: SEM images of as-spun fibers (j-k) thermally oxidized (l-m) and carbonized fibers (n-r) 
of PAN, PAN-Softwood lignin copolymer, PAN-Organosolv lignin copolymer. 
The cross-sectional areas of these fibers are very smooth as compared to their butyrated analogs. 
We attribute this to the reactivity, and consequentially the ease of decomposition during 
carbonization to the lignin molecule, which is positively enhanced by butyration. 
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3.3.4 X-Ray Diffraction 
X-Ray Diffraction conducted on CFs for examining polycrystalline structure or well-
ordered arrangement of graphitic layers is a conventional method used in characterization. Many 
literature reports study  the  degree of graphitizing or turbostractic structure formation in CFs, the 
existence of voids [87]  and the effect of micropores on the mechanical properties of CFs [88] . 
Lee reports  the  changes in as a function of temperature  in his work on the  use of ordered CFs 
for the growth and investigation of other submicron materials [89].  The XRD pattern for CFs 
usually consists of peaks arising due to diffraction from the d002 plane in the graphitic layers.  
Acrylic precursor fibers and carbonized PAN fibers generally behave as polycrystalline solids 
with varying degrees of preferred orientation. Hence, crystallite dimensions in PAN based 
precursors are determined from either the width (area under the curve) or more commonly the 
full-width-at half-maximum (FWHM) of the diffraction peaks obtained.   
The CFs prepared from PAN-lignin copolymer based precursors fibers gave rise to XRD 
patterns similar to earlier reported results. Fig3.14 shows XRD patterns of CFs from various 
samples, all showing peaks at 24.8-25
o 
as well as a small shoulder around 48
o
. The chemical 
modification by butyration does not greatly impact the position or nature of the diffraction 
pattern.  We conclude that the material synthesized can be used as a potential precursor  that 
would result in CFs with appreciable quality relative to commercially available products, and 
comparable physical and mechanical properties.  
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Fig 3.14: XRD patterns for carbon fibers from PAN-Lignin based precursors 
 
3.3.5 Raman Spectra 
Characterization using Raman spectroscopy is a very useful, non-destructive method of 
evaluating the quality and surface morphology of carbon fibers. When light encounters any 
material, part of it is scattered, while most of it is reflected and/or refracted. The scattered 
portion of the radiation also contains wavelengths that may be different than that of the incident 
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rays. The change in wavelength gives tremendous information regarding the surface and 
crystallite structure of the material.  It is also of significance to note that Raman Spectroscopy  is  
capable of examining depth of a few hundred angstroms over an area of about 2 µm in diameter 
thus making it a more surface sensitive technique [90]. Raman Spectroscopy has been used to 
study the thermal conductivity of CFs [91]; S Lu et al  report their findings on the strength and 
electrical resistivity of mesophase pitch based CFs with large diameters [90] while UV 
Resonance Raman (UVRR) has also been used to explore photo-degradation of softwood and 
hardwood lignins [92].  Recent reports  include  a comprehensive study of the effect of laser 
power, number of scans, types of commercial CF used, to characterize interfacial debonds 
between CFs and polymer matrices [93]. Generally two main features are observed for CFs in 
their Raman Spectra. These arise due to the vibrations in the hexagonal graphitic crystallites 
present in the orderly arrangement in the fiber. The incident coherent, monochromatic beam of 
fixed wavelengths is scattered by the arrangement and gives rise to a band at 1580cm
-1
 termed as 
the G-Band , and another at 1350 cm
-1
 termed as the D-Band. The ratio of intensities D/G is used 
to calculate the apparent size of the crystallites (La) according to the Tunistra and Koenig [94] 
given by the equation, 
La = 10
3
/ 22.7R,  
where R is the relative intensity of the two bands (ID/IG). 
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Table 3.1: Crystallite size for CFs from various samples 
Sample  ID/IG Crystallite size*  (A
o
) 
PAN 1.167 37.75 
AN-SWL 80/20 1.17 35.92 
AN-B-SWL 80/20 1.23 35.70 
AN-OSL 80/20 1.378 31.96 
AN-B-OSL 80/20 1.14 38.48 
*estimated by Tunistra-Koenig equation 
We make similar observations with the Raman Spectra from PAN-Lignin copolymer 
based CFs (Fig 3.15). The effect of butyration on the peak intensities does not seem to follow a 
natural trend, but the variations are expected and seem to be consistent with the very nature of 
fiber surfaces as observed in SEM. The spectrum for CF based on unmodified organosolv lignin-
PAN copolymers shows D and G peaks with almost equal intensities and a smaller R value, 
while the CF generated from butyrated organosolv lignin-PAN copolymer, shows enhanced 
intensity and a larger R value. A summary of the results (Table 3.1) obtained by averaging 
Raman Spectra form three regions for each sample is also included. The values obtained are 
indicative of the possible role of esterification in the morphology and control of the crystallite 
size and the nature of the carbon fiber.  
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The averaged Raman plots were analyzed for peak-fitting and integrated using Origin graphing 
software.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.15: Raman Spectra for carbon fibers from PAN-Lignin based copolymers 
 
 
3.4 Conclusions 
 
Wet spinning of copolymer based fibers was carried after optimization of spinning 
conditions, and examining rheological behavior of the material.  Photographs of the as-spun 
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fibers are discernible by color based on the type of the lignin used for synthesis. Stabilization of 
PAN-lignin copolymer based CFs was carried out under inert atmospheres and application of 
stress to fiber tows at different temperatures. The FT-IR monitoring of these thermally treated 
fibers gives proof of the formation of ladder polymers at this stage. Morphological studies of the 
raw and stabilized fibers do not indicate substantial changes in size/diameter. A slight 
roughening of the fiber surface,  possibly due to the escape of volatiles and oxidation is, however 
observed. CFs were prepared by clamping stabilized fibers between two rigid ends, and heating 
up to 900
o
C. Raman and X-ray Diffraction data indicate that CFs have been formed. SEM 
images of CFs collected show that copolymers form homogenous phases and result in smooth 
cross-section of CFs using unmodified lignin. We also observed that butyration of lignin helps in 
making the fiber finer and results in layered cross-sectional morphology. 
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CHAPTER 4. CONCLUSIONS 
4.1 Summary  
 
Advancements in processing technology, growing demand for high performance products 
and the resurgence of recycling to stop resource depletion can all be considered broad factors in 
the research for feasible eco-friendly materials. The use of lignin as a potential bio-based carbon 
fiber (CF) precursor has received tremendous attention over the last few decades as has the 
exploration for more effective processing methods. A brief literature review of the history and 
development of CFs is presented in Chapter 1. The role, potential and use of naturally abundant 
lignin as CF precursors or in other related applications have also been reviewed. Chapter 2 
presents a brief report on the synthesis of PAN-lignin and PAN-butyrated-lignin copolymers. 
Syntheses performed were successful, resulting in good yields and gave reproducible results on 
characterization. Oxidative treatment and high temperature pyrolysis for fabricating novel CFs 
using a partially bio-based material as a potential precursor has been discussed in subsequent 
chapters of this report.  
The modification of lignin by esterification has been shown to improve the reactivity as 
well as spinnability of lignin. This was found to be true in case of both Softwood and Organosolv 
lignin varieties. A plausible mechanism for formation of copolymer was hypothesized. 
Copolymer synthesis is based grafting poly-acrylonitrile onto lignin by free-radical 
polymerization. The grafting is further facilitated by creating reactive sites on the lignin 
molecule using a peroxide/chloride anion redox couple. FT-IR and NMR results verify the 
successful formation of copolymers. Multiple batches were synthesized with reproducible quality 
and in good yields 
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Properties of the synthesized material were also studied using thermo-analytical 
techniques namely, TGA, DSC and DMA.  The carbon yield, which is a major parameter in 
deciding the viability of a precursor was found to be promising, and can be further enhanced to 
be on par with commercially used precursors.  The degradation of PAN reported to commence at 
275
o
C via a strong exothermic reaction, was found to not only occur at lowered temperatures, but 
also with lesser amount of heat released. We conclude from these observations that the heat 
evolved from thermal oxidation of PAN is absorbed by the lignin part of the copolymer, which, 
in turn is utilized to stabilize the lignin structure as well. This can also explain the nature of the 
DSC curve showing two stages for the PAN-butyrated lignin copolymer. We attribute the 
lowering of the intensity of the exotherm to be a sign of decelerated stabilization (or cyclization) 
process. This is expected to lead to formation of a CF with enhanced mechanical properties 
owing to a stronger ‘backbone formation’ process.  
As 80% of the copolymer is PAN-based, wet-spinning was selected as the most suitable 
method for making precursor fibers. The copolymer material dissolved in a suitable solvent such 
as DMF was examined for optimal viscosity before spooling the material onto glass mandrels. 
Spinning parameters were found to require different values based on lignin variety as well as the 
chemical modification aspect. Copolymers containing butyrated lignin showed higher viscosity 
in 16wt% solutions, better spinnability and resulting in fine continuous fibers. The unmodified 
lignin analogs of the copolymer were found to be brittle and did not give appreciably continuous 
fibers, but results have been discussed for comparative understanding. 
Thermal oxidation is an important step in CF processing. An exhaustive review of 
various studies on thermo-stabilization alone revealed the crucial role of the conditions, and 
implications of changing them on the end product. PAN-lignin copolymers were stabilized in 
69 
 
 
inert atmosphere using custom-designed stretching equipment to maintain some stress on the 
fibers/ fiber tows through the process. Oxidation of the precursor leads to blackening of the 
material along with shrinkage and roughening of the surface as compared to the raw form. 
A thermal profiling of the stabilization process was conducted using FT-IR as a 
monitoring technique. The vibrations due to  -C≡N, -OH and –CH were monitored for changes 
over four temperatures in increasing order .The intensity and position of the IR –active vibrations 
showed changes  in concurrence with previously reported studies. A discussion of the recorded 
results from normalized FT-IR curves showed evidence of cyclization converting the -C≡N to –
C=N bonds. The increased broadening of the –OH peak at 3500-3300 cm-1 is believed to be due 
to interaction of hydroxyl groups by hydrogen bonding. Conclusions from these results are 
indicative of changes from a linear copolymeric form to a cyclic structure. 
Carbonization of stabilized precursor fibers was carried out in a tube furnace at 900
o
C 
under nitrogen flow. The fibers were kept stretched to aid the alignment of molecules during the 
carbonization process. Pyrolyzed precursor fibers were examined for, and found to possess 
characteristic features akin to reported CFs, using X-Ray Diffraction and Raman Spectroscopy. 
The sharp Raman band at 1580 cm
-1 
has been assigned to a doubly degenerate hexagonal 
deformation in carbon ring (graphitic) structures, very distinctive of CFs, and was also identified 
as a prominent peak in Raman Spectra of all samples. Computing values for the approximate 
crystallite size using the Tunistra-Koenig Equation showed that butyration had a significant 
effect on the value of  relative coefficient of chemical reactivity ( R) and hence on the crystallite 
size as well as the morphological appearance of the carbon fiber.  XRD patterns indicate the 
presence of a crystalline material as has been communicated in earlier investigations. 
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Scanning Electron Microscopy (SEM) imaging of the final CFs was found to be the most 
encouraging of all results in this project. The formation of a layered cross-sectional structure in 
the butyrated-organosolv-PAN copolymer based CF is proof of actual fabrication of a bio-based 
CF comparable to commercially available or recently developed counterparts. 
The cross sections for PAN-lignin copolymer based CFs using unmodified lignin were 
found to have a smooth cross section with no discernible phases. This result is also highly 
appreciable as the immiscibility of two components can result in decreased mechanical 
properties. The non-formation of layered structures in these versions can be attributed to either 
lesser reactivity owing to lower number of oxygen atoms than the esterified equivalent or higher 
crosslinking between the grafted layers leading to dense networks.  
4.2 Future Work 
 
The promising developments in the fabrication of bio-based precursors require further 
inspection of their mechanical and resistive properties. Any high performance material is 
expected to withstand a considerable amount of stress, chemical action and thermal treatment. A 
similar path of investigation is envisioned for the PAN-lignin based CFs.  
A preliminarily study of the role of lignin the thermal oxidation has been discussed in this 
work. One of the possible future objectives would to extensively document the most plausible 
mechanism that occurs in the oxidative stabilization of lignin. The molecule has been known to 
be assigned several probable chemical structures given its polymeric complex nature. Hence we 
anticipate that the stabilization will change its path depending upon the type of lignin employed, 
among many other factors. 
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Another ambitious approach to furthering this initiative would be to increase the amount 
of lignin in the copolymer and examine the resultant performance. We expect practical hurdles in 
this venture with our limited understanding of the brittle nature and low processability of fibrous 
lignin.  But with the projected significant decrease in processing requirements, as well as cost of 
the raw material, the brighter side of the story can be anticipated in all probability. 
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